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DYNAMIC RANDOM ACCESS MEMORY TRENCH CAPACITORS 

Related Applications 

This application claims the benefit of U.S. Provisional Application 60/31 1,801 filed 
August 13, 2001, the entire disclosure of which is hereby incorporated by reference. 

Field of the Invention 
This invention relates generally to semiconductor structures and particularly to 
semiconductor structures formed on strained semiconductor layers. 

Background 

Relaxed silicon-germanium (SiGe) virtual substrates, including a tensilely strained layer 
and a relaxed underlying layer, enable the production of novel silicon (Si)-, germanium (Ge)-, 
and SiGe-based devices such as field-effect transistors (FETs). A "virtual substrate" includes a 
layer of SiGe that has been relaxed to its equilibrium lattice constant (i.e., one that is larger than 
that of Si). This relaxed SiGe layer can be directiy appUed to a Si substrate (e.g., by wafer 
bonding or direct epitaxy) or atop a graded SiGe layer, in which the lattice constant of the SiGe 
material has been increased gradually over the thickness of the layer. The SiGe virtual substrate 
can also incorporate buried insulating layers, in the manner of a silicon-on-insulator (SOT) wafer. 
In order to fabricate high-perfomoiance devices on these platforms, thin strained layers of Si, Ge, 
or SiGe are grown on the relaxed SiGe virtual substrates. The resulting biaxial tensile or 
compressive strain alters the carrier mobilities in the layers, enabling the fabrication of high- 
speed and/or low-power devices. Utilizing both strain and bandgap engineering, modulation- 
doped FETs (MODFETs) and metal-oxide-semiconductor FETs (MOSFETs) may be tailored for 
enhanced performance analog or digital applications. However, because these devices are 
febricated on Si/SiGe virtual substrates rather than the Si substrates commonly utilized for 
complementary MOS (CMOS) technologies, they present new processing challenges. 

One processing challenge to device fabrication on Si/SiGe virtual substrates is the 
definition of dynamic random access memory (DRAM) trench stoxagt capacitors. DRAM 
storage capacitors require high quality insulating layers for storing charge. A conventional 
DRAM trench storage capacitor formed on, for example, a p-type Si substrate may include an 
outer plate of, e.g., n-type doped Si substrate material (also referred to as the buried plate), a 
high-quality insulator grown on the outer plate, and an inner plate of, e.g., n-type doped 
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strained, and may have dislocation defects. The challenges associated with forming a good 
quality thermal dielectric on trench sidewalls having many defects are addressed by forming an 
outer plate, an insulating layer, and an inner plate by deposition processes. In some 
embodiments, the quality of the deposited outer plate is sufficient for the thermal growth of the 
5 insulating layer. Alternatively, an outer plate may be formed in a trench sidewall by diffusion of 
dopants from a sacrificial source. Subsequendy, an insulating layer may be thermally grown or 
deposited on the outer plate. In some other embodiments, the outer plate is formed by doping the 
substrate region proximate the trench, either prior to or after trench formation. This doping may 
be performed, for example, by an implantation process (e.g., ion implantation). Alternatively, 
10 substrate layers may be doped during epitaxial formation. 

In one aspect, therefore, the invention features a method for forming a trench capacitor in 
a semiconductor substrate. A trench is defmed extending into the semiconductor substrate from 
a top surface of the substrate. A first conductive material is deposited in the trench to define an 
outer plate, and an insulating layer is formed on the outer plate. A second conductive material is 
1 S deposited in the trench to define an inner plate. 

One or more of the following features may also be included. The semiconductor 
substrate may include a layer contaming germanium, with the trench extending into the 
germanium-containing layer. The step of forming the insulating layer may include deposition, 
such as chemical vapor deposition, or the insulating layer may be grown. The semiconductor 
20 substrate may include a tensilely strained layer disposed over a relaxed layer. 

In another aspect, the invention features a method for forming a trench capacitor in a 
semiconductor substrate, in which the semiconductor substrate includes germanium. A trench is 
defined extending into the semiconductor substrate from a top surface of the substrate. A 
material including dopants is introduced into the trench. The dopants are diffused into a sidewall 
25 ofthe trench to define an outer plate. The material is removed from the trench, and an 
insulating layer is formed on the outer plate. A conductive material is deposited on the 
insulating layer to define an inner plate. 

One or more of the following features may also be included. The material may be 
introduced into the trench by deposition. The material may include polysilicon. The step of 
30 removmg the material comprises may include a wet etch. The step of forming flie msulating 
layer may include thermal growth and/or deposition. 

In another aspect ofthe invention, a method for forming a trench capacitor in a 
semiconductor substrate includes providing the semiconductor substrate, with the substrate 
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substrate, with the second region of the semiconductor substrate being electrically isolated from 

the first region, and the logic circuit mcluding at least one transistor. 

In another aspect, the invention features a semiconductor structure including a substrate 

havmg a first region substantially free of germanium and a second region having a layer 
5 including germanium. The structure also includes a trench capacitor disposed in the first region, 

the trench capacitor including an outer plate, an insulator disposed proximate the outer plate, and 

an inner plate disposed proximate the insulator. 

One or more of the following features may be included. The second region may include 

a strained layer disposed over a relaxed layer. The relaxed layer may include germanium. The 
1 0 strained layer may include at least one of silicon, germanium, a group II element, a group III 

element, a group V element, and a group VI element. 

In another aspect, the invention features a semiconductor structure including a trench 

capacitor, which itself includes a trench formed m a semiconductor substrate, the trench 

extending into a region of the substrate including germanium. A conductive trench sidewall has 
1 5 a conductivity imparted by dopants disposed therein and defining an outer plate. An insulating 

laiyer is disposed proximate the outer plate. A second conductive material is disposed in the 

trench proximate the insulating layer, with the second conductive material defining an inner 

plate. 

One or more of the following features may also be included. The dopants may be 
20 diJHused into the trench sidewall. The dopants may be implanted into the trench sidewall. 

In another aspect, a semiconductor structure includes a trench capacitor, which itself 
includes a trench formed in a semiconductor substrate, with the trench extending into a region of 
the substrate including germanium and dopants. A conductive trench sidewall has a conductivity 
imparted by the dopants disposed in the region of the substrate and defining an outer plate. An 
25 msulating layer is disposed proximate the outer plate, and a second conductive material is 

disposed in the trench proximate the insulating layer, the second conductive material defining an 
inner plate. 

One or more of the following features may also be mcluded. The substrate may include a 
relaxed layer including germanium and dopants, and the trench may extend into the relaxed 
30 layer. The substrate may include a strained layer and the trench may extmd into the strained 
layer. 
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A tensilely strained layer 18 is disposed over relaxed layer 14, sharing an interface 19 
with relaxed layer 14. In an embodiment, tensilely strained layer 18 is formed of silicon. In 
other embodiments, tensilely strained layer 1 8 may be formed of SiGe, or at least one of a group 
n, a group III element, a group V, and a group VI element. Tensilely strained layer 18 may have 
a starting thickness T3 of, for example, 50 - 300 A. 

In some embodiments, a compressively strained layer (not shown) may be disposed 
between relaxed layer 14 and tensilely strained layer 18. In an embodiment, the compressively 
strained layer includes Sii-yGcy with a Ge content (y) higher than the Ge content (x) of relaxed 
Sii-xGcx layer 14. The compressively strained layer may contain, for example 40 - 100% Ge and 
have a thickness of , e.g., 10 - 200 angstroms (A). 

A trench 20 is defined in layers 1 1, extending into semiconductor substrate 13 from a top 
surface 22 of semiconductor substrate 13. Trench 20 may be defined by, e.g., reactive ion 
etching (RIE). Trench 20 may have an aspect ratio of 40:1, with a width wi of, e.g., 0.3 {im and 
a depth di of, e.g., 12 jjm. In the illustrated embodiment, trench 20 extends through layers 1 1 
into substrate 10. 

Referring to Figure 1(b), a &st conductive material is deposited in trench 20 to define an 
outer plate 24. First conductive material may be, for example, n-type doped polysilicon, having 
a thickness T4 of, e.g., 100 - 500 A. Outer plate 24 may be formed by deposition, such as by 
CVD or physical vapor deposition (PVD). Subsequently, an insulatmg layer 26 is formed on 
outer plate 24. Insulating layer 26 may be a thermally-grown material, such as silicon dioxide or 
nitrided silicon dioxide. Alternatively, insulating layer 26 may be deposited by, for example, 
plasma enhanced CVD (PECVD), LPCVD, or APCVD. In an embodiment m which insulating 
layer 26 is deposited, the composition of the sidewall of trench 20, e.g., outer plate 24, may not 
affect the quality of insulating layer 26. The deposited insulating material may be, for example, 
a material with a dielectric constant higher than that of silicon dioxide, such as tantalum oxide 
Cra205) or silicon nitride (Si3N4). Insulating layer 26 may have a thickness T5 of, e.g., 15 - 50 A. 

Referring to Figure 1(c), a second conductive material is deposited in trench 20 
proximate insulator 26 to define an inner plate 28. Second conductive material may be, for 
example, n-doped polysilicon. A DRAM trench capacitor 30 includes outer plate 24, insulator 
26, and inner plate 28. 

Referring to Figure 2, in an alternative embodiment, layers 1 1, i.e., tensilely strained 
layer 18, relaxed layer 14, and graded layer 12, are sufficiently thick to completely accommodate 
a DRAM trench capacitor 220 including outer plate 24, insulator 26, and inner plate 28. In this 
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as a p~type dopant source. Dopant source 400 may be, for example, deposited by CVD. After 
formation of dopant source 400, a thermal anneal is performed to out-diffuse dopants from 
dopant source 400 into a sidewall 410 of trench 400 to define an outer plate 420, In 
embodiments in which layers 1 1 contain Ge, this thermal anneal may be performed at a 
5 temperature lower than conventionally used in siUcon processing because of the greater 

difiiisivity of n-type carriers in germanium-containing layers. The anneal may be performed^ for 
example, at 800 - 900 "C for 30 minutes. 

Referring to Figure 4(c) as well as to Figure 4(b), dopant source 400 is removed by, for 
example, a wet etch such as a mixture of hydrofluoric acid and water. Subsequently, insulating 
10 layer 26 is formed on outer plate 420. As discussed above with reference to Figure 1(b), 
insulating layer 26 may be thermally-grown silicon dioxide or nitrided silicon dioxide. 
Alternatively, insulating layer 26 may be deposited by, for example, PECVD, LPCVD, or 
APCVD. The deposited insulating material may be, for example, a material with a dielectric 
constant higher than that of silicon dioxide, such as TaaOs or Si3N4. 
15 A conductive material is deposited on insulating layer 26 to define inner plate 28. The 

conductive material may be, for example, n-type doped polysilicon. 

As shown in Figure 5, portions of SiGe virtual substrate layers may be doped to define 
the outer plate of a DRAM trench capacitor. In this embodiment, a semiconductor substrate 500 
includes a plurality of layers 502 disposed over substrate 10. Layers 502 include a graded layer 
20 505 disposed over substrate 10. Graded layer 505 may be doped and may include SiGe with a 
grading rate of, for example, 10% Ge/jmi of thickness. During epitaxial growth, graded layer 
505 may be doped with n*type dopants, such as phosphorus or arsenic. la an alternative 
embodiment, graded layer 500 may be doped with p-type dopants such as boron or gallium. A 
relaxed layer 510, disposed over doped graded layer 500, may include, for example, Sii-xGcx, 
25 that may be doped with the same type of dopants as are incorporated in graded layer 500, i.e., n- 
type or p-type dopants. A tensilely strained layer 520 is disposed over relaxed layer 510. In an 
embodiment, tensilely strained layer 520 is formed of silicon. In other embodiments, tensilely 
strained layer 520 may be formed of SiGe, or at least one of a group II, a group HI, a group V, 
and a group VI element The doped layer(s), e.g., at least one of tensilely strained layer 520, 
30 relaxed layer 5 1 0, and graded layer 505, form an outer plate 540 for a subsequently formed 
DRAM trench capacitor (as discussed below). 

A trench capacitor may be formed in a doped region, so that the doped region defines the 
outer plate of the trench capacitor. A trench 550 is formed by, e.g., RIE in tensilely strained 
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In alternative embodiments, the trench capacitors described above may be formed in 
layers which are either all SiGe, or are various combinations of SiGe and Si. The SiGe layers 
may include graded SiGe, relaxed SiGe, and/or compressively strained SiGe. 

The mvention may be embodied in other specific forms without departing from the spirit 
5 of essential characteristics thereof The foregoing embodiments are therefore to be considered in 
all respects illustrative rather than limiting on the invention described herein. Scope of the 
invention is thus indicated by the appended claims rather than by the foregoing description, and 
all changes which come within the meaning and range of equivalency of the claims are intended 
to be embraced therein. 
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1 9. The method of claim 7, wherein the material introduced into the trench comprises 

2 polysilicon. 

1 10. The method of claim 7, wherein the step of removing the material comprises 

2 using a wet etch. 

1 11. The method of claim 7, wherein the step of fomodng the insulating layer comprises 

2 thermal growth. 

1 12. The method of claim 7, wherein the step of forming the insulating layer comprises 

2 deposition. 

1 1 3 . A method for forming a trench capacitor in a semiconductor substrate, the method 

2 comprising: 

3 providing the semiconductor substrate, said substrate comprising a layer containing 

4 germanium; 

5 introducing dopants into a region of the substrate; 

6 thereafter defkdng a trench in the substrate region, the trench extending into the 

7 germanium-containing layer and the region including the dopants defining an outer plate along a 

8 sidewall of the trench; 

9 forming an insulating layer in the trench proximate the outer plate; and 

10 depositing a conductive plate on the insulatmg layer to define an iimer plate. 

1 14. The method of claim 13, wherein tlie step of forming the insulating layer 

2 comprises depositioru 

1 15. The method of claim 14, wherein the deposition is chemical vapor deposition. 

1 16. The method of claim 1 3 , wherem flie step of forming the insulating layer 

2 comprises growtL 

1 17. A semiconductor structure comprising a trench capacitor, which itself comprises: 

2 a trench formed in a semiconductor substrate, the trench extending into a region of the 

3 substrate comprising germanium; 

4 a first conductive material disposed in the trench and defining an outer plate; 

5 an insulating layer disposed proximate the outer plate; and 
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1 26. The semiconductor structure of claim 23 , wherein the trench is formed on a first 

2 region of the semiconductor substrate, further comprising: 

3 a logic circuit disposed on a second region of the semiconductor substrate, the second 

4 region of the semiconductor substrate being electrically isolated from the ISrst region, and the 

5 logic circuit including at least one transistor. 

1 27. A semiconductor structure comprising: 

2 a substrate having a first region substantially firee of germanium and a second region 

3 comprising a layer including germanium; and 

4 a trench capacitor disposed in the first region, the trench capacitor including an outer 

5 plate, an insulator disposed proximate the outer plate, and an inner plate disposed proximate the 

6 insulator. 

1 28. The structure of claim 27, wherein the second region comprises a strained layer 

2 disposed over a relaxed layer. 

1 29. The structure of claim 28, wherein the relaxed layer comprises germanium. 

1 30. The structure of claim 28, wherein the strained layer comprises at least one of 

2 silicon, germanium, a group n element, a group HI element, a group V element, and a group VI 

3 element. 

1 3 1 . A semiconductor structure comprising a trench capacitor, which itself comprises: 

2 a trench formed in a semiconductor substrate, the trench extending into a region of the 

3 substrate comprising germanium; 

4 a conductive trench sidewall having a conductivity imparted by dopants disposed therein 

5 and defining an outer plate; 

6 an insulating layer disposed proximate the outer plate; and 

7 a second conductive material disposed in the trench proximate the insulating layer, the 

8 second conductive material defining an inner plate. 

1 32. The structure of claim 3 1 , wherein the dopants are diffused into the trench 

2 sidewall. 



1 33. The structure of claim 31, wherein the dopants are implanted into the trench 

2 sidewall. 
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